thermal processing (RTP) as a high throughput approach to deliver precise control over this process. 8 For devices contacted with a gold metallization layer, it was shown that the majority of Cu either alloyed with the gold or it became sequestered in core-shell clusters of Cu 1.4 Te surrounded by Zn. 9 Another observation was that significant CdTe-ZnTe interdiffusion can occur over these short time scales and may be an important contributor to the high fill factor and open circuit voltages observed. 10 In this paper, we explore this latter process in more detail as a function of copper loading, time, and temperature. It is
shown that the presence of Cu is essential for any significant interdiffusion to occur, not unlike the role of CdCl 2 promoting CdS/CdTe interdiffusion at the front contact. 11 In addition, it is found that excess Te in the as-deposited ZnTe layers and morphology are important factors that contribute to the degree of interdiffusion observed.
II. EXPERIMENTAL
CdTe of ~4 um thickness was deposited by Vapor Transport Deposition (VTD) on pre-cleaned 1. During this step the samples were rapidly (20 seconds) heated to a set temperature and held at that temperature for a specified time. X-ray diffraction (XRD) was used to analyze the crystal structure of the films and to track the extent of interdiffusion. The step size was 0.05 o with a dwell time of 1 second. Transmission Electron Microscopy (TEM)
was the tool used to investigate the detailed microstructure of these bilayers. TEM samples were prepared by focused ion beam (FIB) milling using a dual beam FEI Nova 600 nanolab. A standard in situ lift out method described previously was employed for sample preparation. 12 TEM imaging was carried out in a FEI Tecnai F20 equipped with an Oxford Instruments X-Max 80 silicon drift detector (SDD) energy dispersive X-ray detector (EDX). EDX was used to produce chemical distribution maps of the cells as well as line scans and point analysis for quantitative elemental analysis. Cross-sectional TEM along with energy dispersive X-ray analysis (EDAX) was employed to investigate the cross sections of the devices and map elemental compositions.
The effects of three parameters on the interdiffusion between CdTe and ZnTe layers were studied: temperature, time, and Cu loading. The list below shows the studied conditions:
 Temperature: 320, 340, and 360 ºC with optimal performance employing RTP annealing conditions of 320-340 ºC for 60-120 s. 8 In addition, the buffer layer thickness used in devices is ~165 nm. The use of thicker films and greater times/temperatures in this work facilitated characterization of the trends observed. The Cu loadings were chosen to span the range of Cu content that have yielded optimal solar cell performance in our lab. The highest loading corresponds to Aucontacted devices, with decreasing loadings corresponding to Ti and Cr-contacted devices, respectively. 13 In the case of Cu-miscible contacts such as gold, the majority of copper alloys with the metal contact that is not present in the current study. Thus, the 3% loading is most representative of copper availability within ZnTe under device conditions, but again the use of larger amounts was useful for characterization and trend analysis.
III. RESULTS AND DISCUSSION

A. As-deposited vs. Fully Annealed Comparison
To provide an overview of the major observations we begin with a comparison of as-deposited films with those fully annealed at the highest temperature and longest time There are several important differences that can be observed upon annealing.
First, in the absence of Cu, there is negligible CdTeZnTe interdiffusion or alloy formation. Annealing improves ZnTe crystallinity as evidenced by the increased intensity, but there is no shift in peak position. In contrast, significant interdiffusion is observed at all levels of Cu loading. Thus, it appears that the presence of Cu is essential to promote significant interdiffusion at these conditions. Second, the extent of ZnTe peak shift is more pronounced compared to CdTe peaks. This suggests that alloy formation primarily reflects incorporation of Cd into the ZnTe lattice rather than Zn into CdTe.
Although both CdTe and ZnTe peaks are sharp, the region between them is well above the background levels suggesting the presence of a significant interlayer of varying composition. Confirmation of these findings is provided by elemental mapping, which are provided for fully annealed samples at the 0 and 3% Cu loading levels in Figure 2 .
Both the Zn and the Cd density profiles are abruptly attenuated at the CdTeZnTe interface in the 0% sample. In contrast, a diffuse interface is observed in the 3% Cu sample, with significant amounts of Cd detected throughout the ZnTe layer.
Quantification of these phenomena is presented in the Section III.B below. (Fig. 2) . The size, composition, and migration of these clusters is a strong function of time, temperature, and copper loading as discussed in Section III.C below.
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B. Interdiffusion and Alloy Formation
The degree of interdiffusion and alloy formation was quantified by XRD analysis and EDAX profiling. 5.5% and 8% Cu samples is consistent with the effect of Cu on ZnTe grain size that will be discussed in more detail in Section III.C. below (see Fig. 10 ). ZnTe films deposited at temperatures below 305 ºC. 19 The apparent "reduction" in alloy composition after the first 30 s treatment is attributed predominantly to the release of stress present in the as-deposited films, which overshadows any compositional changes. There is a significant degree of heterogeneity in these samples, so to provide more representative measurements the degree of interdiffusion was quantified in two different ways. Figure 7b shows the atomic concentration of Zn in CdTe and Cd in ZnTe obtained by averaging line scans such as those in Fig. 6 . These finding confirm that the degree of interdiffusion increases as the Cu loading is reduced, and the values of Cd in ZnTe are consistent with the composition values extracted from the XRD Vegard analysis (Fig. 4) .
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The second approach was based on area scans performed within both the ZnTe and CdTe layers from the regions highlighted in Figure 7a . These regions were chosen as they appear relatively homogenous and they were located far from Cu To confirm the critical role of morphology, additional experiments were performed using CdTe layers that were not subjected to CdCl 2 treatment prior to ZnTe:Cu deposition. As-deposited CdTe films exhibit much smaller grain sizes and are highly defective with numerous stacking faults. 11 Consistent with expectation the degree of interdiffusion was substantially enhanced in these bilayers. treatment removes defects and improves CdTe crystallinity. 11, 14 The relative disorder of non-treated films makes it easier for diffusion to occur. Interdiffusion is again most pronounced for the lowest Cu loading of 3%. Significant shifts occur for both CdTe and ZnTe peaks in contrast to CdCl 2 treated films, where no movement of CdTe peaks was observed. In addition, the area between CdTe and ZnTe peaks is noticeably above the background and the CdTe peak is strongly attenuated.
The intediffusion asymmetry observed in this work is in part supported by thermodynamics. Since CdTe and ZnTe share the same zinc blende crystal lattice it is often assumed that these compounds are fully miscible, and indeed they are at elevated temperatures (> 900 K). However, analysis of the vapor pressure composition above Cd x Zn 1-x Te alloys indicated that the activity of ZnTe has a positive deviation from ideality and conversely the activity of CdTe exhibits a negative deviation. 25 This nonideal behavior is rare in solid solutions and means that that the addition of Cd to ZnTe results in just a small loss of ZnTe activity whereas the activity of CdTe is significantly attenuated upon Zn addition. In addition, vapor pressure data at T = 780 K suggests the presence of a miscibility gap in Cd x Zn 1-x Te for 0.4 < x < 0.75. 25 The asymmetry of this range and the activity behavior are both consistent with the idea that Cd solubility is
ZnTe is greater than that of Zn in CdTe, consistent with our observations. The results described here are consistent with recent molecular dynamics (MD) simulations of this interface. 26 Using a Stillinger-Weber potential 27 these authors confirmed that Cd diffusion into ZnTe is much more extensive than Zn into CdTe, as well as the importance of structural defects to promote the latter. The MD simulations also confirmed that the presence of Cu enhanced interdiffusion. data suggests that Cu loading rather than annealing temperature and time has a more profound effect on the identity of Cu x Te phases that are formed. In our devices, the Cu loading is optimized for different metallization layers. 13 The performance optimization is dependent on the RTP temperature and time. Therefore, this seems to suggest that the degree of interdiffusion rather than specific Cu x Te phase has a more significant effect on the cell performance of RTP-activated devices with ZnTe:Cu back contact. 
D. Discussion
In the absence of Cu, temperatures of 475-550 ºC are required to induce the intermixing of CdTe and ZnTe thin films. 30 The results presented here show that copper Another finding of this paper is the effect of copper on the morphology of ZnTe.
Several researchers saw the structural quality of ZnTe degrade when doping with N 2 .
19,34
Similarly Barati et. al. 35 had to use substrate temperatures of 420 ºC to achieve good crystallinity for low resistivity films when doping with Sb. In contrast to these group V dopants, copper appears to have a beneficial impact on ZnTe crystallinity and morphology. First, the intrinsic ZnTe films evaporated in this study contain excess Te.
The presence of Cu during co-evaporation scavenges this excess Te. After annealing, TEM images show that ZnTe films containing copper have much larger crystals and fewer voids, attributed to copper's role of enhancing mobility. Larger grains would be beneficial to the device performance due to improved mobility. This could explain why good device performance is observed even when using substrate temperatures as low as 100 ºC for ZnTe:Cu deposition. 8 One of the proposed roles of ZnTe layer in a CdTe solar cell is to act as an electron reflector at the back due to significant conduction band offset with CdTe. 36 In addition, interdiffusion of CdTe-ZnTe has been suggested to be essential for the formation of good ohmic contact in CdTe-based solar cells. 9 This interdiffusion would lead to formation of a graded junction, passivating the interface defects and lowering the stress caused by lattice mismatch of CdTe and ZnTe. 37 However, too much interdiffusion would defeat the purpose of electron reflection. It is shown here that the extent of interdiffusion varies with Cu loading, RTP temperature and treatment time. Therefore, these findings on the role of Cu in facilitating interdiffusion between CdTe and ZnTe provide an insight into optimization of device performance.
The aforementioned role of Cu in improving ZnTe crystal quality of ZnTe could potentially be applied in the synthesis of CZT absorbers. It has been reported that CZT alloys exposed to CdCl 2 experience incomplete recrystallization and void formation in addition to Zn loss. 38 Depositing Cu and ZnTe onto CdCl 2 -treated CdTe and further annealing could be a novel way of preparing CZT absorbers. However, Cu loading would need to be minimized to avoid the formation of recombination centers. The Cu loadings explored here would be too high for that application. Due to limitations of the rate control in co-evaporation process, 3% loading is approaching the lower limit of what we can accurately measure with the current set-up. It would be valuable to explore the effects of Cu loading in the 0-3% range and apply those findings to both performance optimization and CZT synthesis.
IV. CONCLUSIONS
In this paper we present a study on the effect of Cu loading on the interdiffusion 
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